Food Security in the Face of Climate Change: Adaptive Capacity of Small-Scale Social-Ecological Systems To Environmental Variability Irene Pérez a , Marco Janssen b , John M. Anderies condition is the level of water flow in the Pumpa river in the different climate change scenarios 1 simulated during the summer irrigation season. The social dynamics simulated in our model are 2 the farmers' decisions about which irrigation strategy to use. The social-ecological interactions 3 come from the farmers' decisions based on the availability of the resource. Farmers in the Pumpa 4 system use four types of irrigation strategies based on the amount of water flow in the river. 5
When water is plentiful, it is distributed on a continuous flow basis from upstream to 6 downstream irrigators. During periods of water scarcity, farmers can supply water to sectors 7 sequentially or, if water is scarce during the sensitive mid-season, sectors are supplied with water 8 on 12 hour rotations or, when water is extremely scarce, in 24 hour rotations (Cifdaloz et Pumpa irrigation system to analyze how well-tuned farmers' institutional arrangements are to the 13 biophysical context and their flexibility to cope with resource variability caused by reduction in 14 water discharge and delay in the monsoon season. They concluded that farmers in the Pumpa 15
System are selecting irrigation strategies that are consistent with those that are most efficient in 16 each situation of water scarcity in the model. Their work was a first step in analyzing the 17 adaptive capacity of small-scale farmers to climate change. In the work presented here, we build 18 on the work of Cifdaloz et al. (2010) by adding five features to the model: i) agents' capacity to 19 make decisions and adapt their irrigation strategy to the external conditions of water availability, 20
ii) a greater range of climate change scenarios based on recent regional climate change 21 projections on the Asian monsoon, iii) resource uncertainty caused by a wash out of the main 22 water diversion structures due to an increase in the water flow, iv) farmers' coordination 23 challenges under climate change, and v) the interlinked effects of the temporal shift, water 24 discharge change and water distribution scenarios. 25 26
Specifically, instead of analyzing the performance of each irrigation strategy independently as in 27 Cifdaloz et al. (2010) , here sectors must decide every time step which irrigation strategy to use 28 based on the water flow available. In addition, while Cifdaloz et al. (2010) only considered two 29 climate change scenarios (rainfall reduction and late monsoon onset), we analyze the capacity of 30 farmers to cope with water variability caused by the projected impacts of climate change on the 31
Asian monsoon including both an increase and decrease in rainfall, reduction and expansion of 32 the monsoon season, and early or late monsoon onset. Uncertainty is introduced in our model 33 (Cifdaloz et al.'s model did not explicitly include uncertainty in the model) by including a 34 probability of a wash out of the main water diversion structures that will reduce water available 35 and will require of the farmers' cooperation to repair it. The distribution of disturbances is 36 unknown to the farmers in the model. Next, exploiting strengths of agent-based approaches, we 37 measure the total yield of the system, explore the yield inequality among the agents within the 38 system, clarify the potential coordination challenges that climate change might poses to farmers, 39 and attempt to unravel the interlinked effects of the different climate change scenarios. 40 41
Thus, while Cifdaloz et al. (2010) model was designed to understand if farmers are choosing the 42 most efficient irrigation strategies given the water availability they face, here, by including the 43 extensions to Cifdaloz et al.'s model mentioned above, we are able to understand the most 44 sensitive scenarios for irrigation farming in terms of yield, inequality and coordination 45 challenges and to discuss some possible solutions and trade-offs in the process of adaptation. Our 46 simulations show that rainfall intensification, significant reduction in rainfall, and changes in the 1 monsoon onset might, as we might expect, have disastrous effects on small-scale irrigation in 2
Nepal. The simulations highlight more subtle social-ecological interactions in which climate 3 change forces farmers to increase their level of coordination to obtain some yield in the system 4 but the irrigation strategies used by farmers in such circumstances may lead to high levels of 5 inequality among farmers. Thus, although the model suggests that investment in new 6 infrastructure might increase the performance of the system under a range of climate change 7 scenarios, the social consequence manifest in the high inequality among farmers when water 8 availability is low can hinder the efficiency of these measures due to a reduction of farmers' 9 willingness to cooperate. Every day water flows through the canals. The water available to irrigate depends on the climatic 30 scenarios considered (described in detail below). Within these scenarios we analyze the capacity 31 of agents to adapt depending on: i) how much water is available to irrigate (water scarcity), ii) 32 when in the planting cycle water scarcity occurs, and iii) when an increase of water flow in the 33 main river may cause a wash out of the main water diversion structures. 34 35
Depending on the amount of water available, the six sectors together select the irrigation strategy 36 that will be used. As mentioned before, the Pumpa irrigation system uses four irrigation shift the period of highest probability of a washout to other irrigation stages. Thus, we give 5 agents the capacity to change the irrigation strategy whenever a washout happens and not only 6 the ability to use the 12-hour or 24-hour rotation strategies during the mid-season. Previous 7 simulations showed that results are similar with both strategies because the main effect of the 8 washout is during the five-eight days when water flow is zero. Here we don't consider water loss 9 in the canals due to leaking based on the findings of Cifdaloz et al. (2010) which showed that 10 although leakage can have a significant effect on irrigation performance in general, it likely had 11 no effect on irrigation strategies in the Pumpa system in particular. 12 13 2.5. Climatic scenarios 14 15
The possible impacts of climate change on the South Asian monsoon include an increase in the 16 frequency of drought and flood periods, an increase or decrease in the amount of rainfall, as well 17 as a temporal shift of the monsoon season ( Considering this uncertainty, we explore three possible scenarios of impacts of climate change 26 on our study area: i) changes in the water supply (i.e. increase or decrease in rainfall), ii) 27 variation in river discharge distribution (i.e. reduction and expansion of the monsoon season), 28 and iii) temporal shifts in river discharge (Fig. 2) . These scenarios include all the projections 29 made about the impacts of climate change on South Asian monsoon (Table 1) . 30 31 effect of changes in the water discharge regime during monsoons. First, we adjusted the water 10 river discharge used by Cifdaloz et al. (2010) to a normal distribution with mean in 235 days and 11 standard deviation of 35 (i.e., the best fit to the normal distribution). We then simulated the effect 1 of different river discharge regimes by changing the value of the standard deviation a range 2 between -25 and +25 (Fig. 2) . The water discharges obtained is within the range of the maximum 3
and minimum recorded water discharge in the Pumpa (Nippon Koei Company Ltd., 1986). 4
Finally, we modeled the temporal shift of monsoon season (third scenario) by reducing and 5 increasing the mean value of the normal distribution from -45 to +45 days (Fig. 2) . In addition, water diversion structures and gates are routinely washed out during the monsoon 15 season at Pumpa (Regmi, 2008) . Thus, an increase in water flow may cause an increase in the 16 probability of water infrastructures to fail. This is included in the model by introducing a 17 sigmoidal function relating the probability of irrigation infrastructure failing to water discharge 18 volume (Fig. 3) . Performance is measured by means of the total yield obtained by the six sectors as well as the 10 Gini coefficient of yield among sectors. After irrigating the land, yield is calculated based on the 11 water level of each sector. Sufficient water means that the water level remains within the bounds 12 shown in Fig. 1 . If a drought occurs the actual water level will fall outside the desired band, 13 causing water stress. The longer the drought, the longer the actual water level will remain outside 14 the band. The yields are penalized depending on the cumulative water stress. The cumulative 15 water stress is computed as the area between the actual and the desired water height (Fig. 1) . The 16 impact of a drought on the yield differs depending on the stage of the growth cycle. In addition to changes in yield and equality among farmers, climate change may challenge the 8 coordination of farmers in terms of infrastructure repair, meetings, decisions, etc. We used the 9 number of times farmers need to switch from one irrigation strategy to another as a proxy for the 10 coordination effort of farmers. If conditions are optimum, farmers will use the open strategy 11 during the whole irrigation season and thus the value of this coordination indicator will be zero 12 (i.e. number of switches is zero). 13 14 15
Results

17
Here we present results of 100 simulations of our agent-based model for each scenario of climate 18 change (changes in water discharge, changes in the water supply distribution and temporal shift 19 in the monsoon season). Fig. 5 shows the frequency in which each irrigation strategy is selected 20 by farmers in the different climate change scenarios considered. Fig. 6 to 8 show the 21 performance of the system (average and standard deviation of total yield and inequality among 22 irrigation sectors) for the climatic scenarios simulated, and Fig. 9 shows the interlinked effect of 23 the three climate change scenarios simulated. We use the number of times farmers switch 24 between irrigation strategies as represented in 2  3 As Fig. 6 shows, the system is very robust to water discharge reductions of up to 50%. The 4 system can get up to 100% of the maximum total yield. These results are consistent with 5
Changes in water discharge
Cifdaloz et al. (2010) . Variability is caused by a washout in the water diversion structures during 6 the mid-season, when the peak water flow occurs. If the washout needs more than 5 days to be 7 repair, it increases the inequality among farmers, because agents select the 24-hours rotation 8 strategy, which increases the total yield by allowing at least sectors one and two to get enough 9 water to produce rice but it results in downstream sectors producing a total yield of almost 0 10 (Fig. 6) . When the water discharge reduction is lower than 50%, farmers use the open flow 11 strategy during the whole irrigation season unless a washout in the water diversion structures 12 occurs. In those circumstances, farmers switch from the open flow to the 12 or 24-hours rotation 13 strategy (Fig. 5 , first row, all but first column). When reductions in water supply are higher than 14 50%, total yield drops sharply. Farmers use the sequential strategy and switch to a 12 or 24-hour 15 rotation strategy if a washout out in the water diversion structures happen (Fig. 5 , first row, first 16 column). Again, in those situations farmers, by using the 24-hours rotation, are allowing only 17 upstream sectors to get enough water to produce rice ( 3.2. Changes in the water supply distribution 8 9 Fig. 7 shows the performance of the system for different distributions in the water supply (Fig.  10 2). The system is very sensitive to an increase in the temporal concentration of water flow. When 11 the standard deviation of the water (sd) is under 25, the system suffers a reduction of 100-67% in 12 the total yield. With this water flow distribution, water scarcity occurs during the most sensitive 13 stages of the irrigation season (stages one and three) ( Fig. 1 and 4) . During stage one, water flow 14 is almost zero, and during stage three there is a high probability of suffering a washout in the 15 water diversion structures that causes an important water scarcity. 16 17
Under these circumstances, agents use the sequential strategy during the stage one of the growth 18 cycle. When water scarcity decreases during the second stage they switch to an open flow 19 strategy. Agents will use the open flow if irrigation infrastructure is well maintained but if 20 diversion structures are washed out they will use the 12-hour or 24-hour rotation strategy (Fig. 5,  21 second row, first column). A washout causes an important decrease in the total yield because it 22 will affect stage three of the irrigation period. When the infrastructure is recovered, they will 23 switch again to an open flow until they use the sequential strategy at the end of stage three when 24 water scarcity will be high again due to a decrease in the water flow (Fig. 5 , second row, first 25 column). Within this water distribution the inequality among sectors is very high. Only sectors 26 one and two are able to get enough water to produce rice (Fig. 7) . A particular situation with sd = 27 23 causes a rapid decrease in the total yield because a significant water scarcity occurs during 28 stage three of the irrigation season (Fig. 7) . 29 30 River discharge rate When the sd of the water increases to between 25 and the regular situation (sd=35), the yield is 1 100% for the six irrigation sectors (Fig. 7) . Agents use an open flow strategy until they switch to 2 a 12-hour or 24-hour rotation strategy if a washout in the water diversion infrastructures (Fig. 5,  3 second row, second and third columns). However, a washout does not have an important effect 4 on the total yield because it happens during the stage two and the structure is recovered soon 5 enough to not suffer water scarcity during stage three. Within this water distribution the 6 inequality among irrigation sectors is zero (Fig. 7) . 7 8
A wider distribution in the water flow causes an increase in the variability of the total yield (Fig.  9  7 ). This is caused by an increase in the uncertainty about a possible washout in the water 10 diversion structures. With more concentrated water distribution the uncertainty about occurring a 11 washout was very low because the probability of a washout is close to one (Fig. 3) . When 12 rainfall intensity decreases, our simulations predict that it is more difficult for the systems to 13 recover from a washout due to water scarcity during the recovery period, causing an increase in 14 the variability of the total yield (Fig. 7) . It is with this water distribution that the difference in 15 performance between five or eight days needed to repair the irrigation infrastructures are more 16 marked. When the sd is close to 40, a washout will affect with higher probability the most scenario. These periods depend if the water scarcity occurs during the most or less sensitive 3 stages of the irrigation season (stages one and three, or two and four respectively) ( Fig. 2 and 4 ). 4 5
When the monsoon season starts very early (24 or more days earlier), the system might not reach 6 the maximum total yield. In this situation, water scarcity occurs during the first stage of the 7 irrigation season caused by a washout in the diversion structures. If the irrigation infrastructures 8 are well maintained, the system may reach a maximum level of total yield. Initially, agents use 9 the open flow strategy until they switch to the 12 hour or 24 hour rotation strategy when a 10 washout happens. This shift can happen in the first or second stage of the irrigation season (Fig.  11 5, third row, first column). Lower total yields are obtained when the washout happen in the first 12 stage of the irrigation season due to its sensitivity to water scarcity. This would happen with a 13 higher probability as the monsoon season starts earlier. using the open flow strategy and a maximum total yield is obtained (Fig. 5 , third row, fourth 35 column). 36 37
Finally, the system is most sensitive when monsoon season starts 30 or more days later (Fig. 8) . 38
In this situation, the water flow is very low during the first stage of the irrigation system but a 39 washout won't have an important effect because it would happen during the four stage of the 40 irrigation season. Initially, agents use the sequential strategy, then they switch to the open flow 41 when water scarcity decreases until a washout in the water diversion structures made them 42 switch to the 12-hour or 24-hour rotation strategy. Once the infrastructures are recovered, they 43 switch back to the open flow strategy (Fig. 5 , third row, last column). A particular situation 44 happens when the time shift is 26 days. In this situation, the washout affects the initial days of 45 stage three, causing an important decrease in the total yield (Fig. 8) . 46 In normal conditions, the farmers need to change the irrigation strategy up to two times (Fig. 5) . 12
This switch of strategies is caused by a washout in the water diversion structures, thus farmers 13
switch from the open flow to the 12 hour or 24 hour rotation strategy (Fig. 5 , e.g. second and 14 third columns). However, with some climate change scenarios farmers need to change up to four 15 times the irrigation strategy (Fig. 5 , e.g. second row, first column). 16 17
In the river discharge change scenario higher coordination problems occur with a river discharge 18 reduction of more than 50%, precisely when the total yield decreases to 0 and the inequality 19 among farmers is very high (Fig. 5 , first row, first column). 20 21
In the water discharge distribution change scenario, farmers need to change up to four times the 22 irrigation strategy to just maintain a total yield below the 40% when the rainfall is very 23 concentrated (sd < 20) (Fig. 5, second change three times the irrigation strategy each season to maintain a low total yield (less than 1 30%) and a high inequality among farmers (Fig. 5, third Here we analyze how our system responds to changes in the water flow distribution in 7 conjunction with a time shift in the monsoon season and water discharge change. Fig. 9  8 represents the water discharge change scenarios for two different values of the standard deviation 9 of the water distribution in an early (Fig. 9 , first row), normal (Fig. 9 , second row), and late ( Fig.  10 9, last row) monsoon onset. 11 12
Changes in the rainfall intensification have an important impact on the total yield of the system 13 in all scenarios for monsoon arrival time shift (Fig. 9 , first and second columns), while the time 14 shift in the monsoon system seems to have an effect on the system only in situation in which the 15 rainfall is concentrated in a few days during summer ( In this study we used an agent-based model to analyze the performance of small-scale irrigation 3 systems under different scenarios of water discharge, water distribution and rainfall onset 4 changes in the Asian monsoon caused by climate change. We used the Pumpa irrigation system 5 in Nepal as a model of small-scale irrigation systems. According to our simulations, certain 6 scenarios for impacts of climate change on the behavior of the Asian monsoon might have a 7 disastrous effect on agriculture in Nepal. Irrigation institutions are robust to: rainfall increases, 8 small decreases of rainfall, small expansion of monsoon length and early onset but very 9 vulnerable to: rainfall intensification, high rainfall reductions, late onset or very early onset of 10 the monsoon. 11 12
Considering the most probable scenarios of climate change on the Asian monsoon (rainfall 13 increase, rainfall intensification, and earlier/later onset) (Table 1 ), our simulations suggest that 14 farmers will need to adapt to rainfall intensification and a late onset, given the sensitivity of the 15 irrigation system to these scenarios. Based on our simulations, under those scenarios, the 16 performance of the system will be reduced due to a higher probability of a washout in the main 17 water diversion structures. In response, farmers might need to invest more resources in the 18 improvement and maintenance of the irrigation infrastructure. However, under those situations 19 the irrigation strategies currently used by farmers in the Pumpa irrigation system are able to 20 maintain a certain level of yield by increasing the inequality among farmers. When a washout 21 occurs, farmers use the 12 hour or 24 hour rotation strategy that, in most of the cases, only 22 allows for two of the six farmers, depending on how the rotation is begun, to have a successful 23 crop. Behavioral experiments using an irrigation game showed that, downstream participants are 24 less willing to invest than upstream participants, and that downstream participants' investment in 25 the public irrigation infrastructure decreases as the inequality among participants increases 26 (Baggio et al., 2015; Pérez et al., 2015) . Thus, we might expect that cooperation of farmers to 27 maintain the irrigation infrastructure in the Pumpa might be hindered due to higher levels of 28 inequality. This reduction of cooperation among farmers might worsen because, as our 29 simulations show, the conditions which require more coordination are those in which more 30 inequality is observed. Under unfavorable climatic conditions, farmers need to invest more in 31 coordination (e.g. infrastructure repair, meetings, decisions, etc.) in order to adapt to new water 32 flow conditions but they are not able to maintain high yield levels in the system or equal 33 distribution of the rice production. 34 35 Here, we have focused on the adaptation capacity of farmers in small-scale irrigation systems to 36 water discharge changes caused by climate change. Our model was useful in understanding the 37 most sensitive scenarios for irrigation farming and to discuss some possible solutions and trade-38 offs in the process of adaptation. Climate change is just one leg of a very complex set of 39 problems faced by rural communities such as farmers' aging, migration, or isolation from global 40 markets (Jones and Boyd, 2011; Kiem and Austin, 2013) . Among these many problems, 41 although climate change may not even be the most important, at a minimum it will add stress that 42 these systems can ill afford to bear. Improving the adaptive capacity of small-scale irrigation 43 farmers to the impacts of climate change on the Asian monsoon is crucial for food and water 44 security in Asia. Our model suggests that very careful attention to how coordination among 45 farmers and infrastructure maintenance interact under specific climate chance scenarios is critical 46
